The equation of state for quark matter is derived for a nonlocal, chiral quark model within the mean field approximation. Special emphasis is on the occurrence of a diquark condensate which signals a phase transition to color superconductivity and its effects on the equation of state. We present a fit formula for 'Bag pressure', which is a constant in case when the quark matter is not color superconducting. We calculate the quark star configurations by solving the Tolman-Oppenheimer-Volkoff equations and demonstrate the effects of diquark condensation on the stability of hybrid stars for different formfactor models of quark interaction. PACS number(s): 04.40. Dg, 12.38.Mh, 26.60.+c, 97.60.Jd 
Introduction
The investigation of color superconductivity in quark matter [1, 2] which was revived by applying nonperturbative QCD motivated interactions [3, 4] finds most of its justification in the possible importance for the physics of compact star interiors [5] and related observable phenomena like neutron star cooling [6, 7, 8] , gamma-ray bursts [9, 10, 11, 12] and others [13] . Since calculations of quark pairing predict values of the energy gap ∆ ∼ 100 MeV and corresponding critical temperatures for the phase transition to the superconducting state are expected to follow the BCS relation T c = 0.57 ∆, quark matter in compact stars should always be in one of the superconducting phases.
The question arises whether conditions in compact stars allow the occurence of quark matter and the formation of stable configurations of hybrid stars. In order to give an answer to this question one has to rely on models for the equation of state which necessarily introduce free parameters and therefore some arbitrariness in the results [14] . In particular, the question whether color superconductivity shall be realized in the 2SC or CFL phase in the compact star interior has been discussed controversely [15, 16] . We will restrict our further discussion to dynamical models of the NJL type with their parameters adjusted by fitting hadron properties in the vacuum before extrapolating to finite temperatures and densities within the Matsubara formalism.
Within those models it has been shown that strange quark matter is likely to occur only at densities well above the deconfinement transition, for chemical potentials which are barely reached in the very center of a compact star [17, 18, 19, 20, 21] . The interesting and much investigated CFL phase could thus play only a marginal role for the physics of compact stars. The stability of the so obtained hybrid star configurations, however, appears to depend sensitively on details of the model, including the hadronic phase.
In the present paper we are investigating this dependence in a systematic way by employing a nonlocal chiral quark model which allows to vary the formfactor of the interaction kernel while describing the same set of hadronic vacuum properties. We provide a polynomial fit formula of our quark matter EoS which proves useful for applications to compact star phenomenology, as e.g. the cooling [22] and rotational evolution [23] or the merging [24] of neutron stars. In order to compare the results of the pesent work for hybrid star configurations with observational constraints, we pick the example of the compact object RX J185635 − 3754, for which limits for both the mass and the radius have been reported [25, 26] . A further restriction in the mass -radius plane of possible stable configurations comes from the constraint given by the surface redshift measurement of EXO 0748-676 [27] .
2 Equation of state of hybrid star matter in β equilibrium
Quark matter with color superconductivity
For the description of the quark matter inside the star we use a dynamical chiral model for two quark flavors which has two order parameters: the scalar diquark gap ∆ and the mass gap φ. The thermodynamical properties and details of this model are given in Ref. [12] . A nonvanishing diquark gap ∆ signals the occurence of a two-flavor color superconductivity (2SC) phase in which the color symmetry is broken since two colors of up and down quarks are coupled to a Cooper pair in the color antitriplet state and one color remains ungapped. The equation of state (EoS) and the diquark gap are selfconsistently determined from the minimization of the thermodynamic potential for given temperature T and chemical potentials µ u , µ d of u and d quarks. The EoS for the pressure takes the following form [12, 28] 
The effective interaction in bothandtwo-quark interaction channels is described using the same form factor g(q) which in turn appears in the dispersion relations for the quarks with unpaired color
and for those with paired color
In our calculations we use the Gaussian (G), Lorentzian (L) and cutoff (NJL) type formfactors defined as
The parameter sets (quark mass m, coupling constant G 1 , interaction range Λ) for the above formfactor models are taken form the [29] , see Tab. 1, and the coupling constant in the scalar diquark channel is given by
In the case of β equilibrium relevant for compact star calculations, the chemical potentials for up and down quark flavors are different in general (µ u = µ d ) and we introduce the notations
we will assume that the chiral gaps of both flavors are equal ∆ u = ∆ d = ∆, see [11, 12] . We calculate the quark matter EoS within this nonlocal chiral model [12] and display the results for the pressure in a form remniscent of a bag model
where P id (µ B ) is the ideal gas pressure of quarks and B(µ B ) a density dependent bag pressure, see Fig. 1 . The chemical potential µ B = 3µ q − µ I is a measure for the quark matter density. According to heuristic expectations the effect of diquark condensation (formation of quark Cooper pairs) on the EoS is similar to the occurence of bound states and corresponds to a negative pressure contribution. For phenomenological applications of the quark matter EoS (7) we provide a polynomial fit of the bag pressure
where the coefficients a k as well as the critical chemical potential µ c of the chiral phase transition depend on the choice of the form factor, see Tabs. 1, 2. The dependence of the diquark gap on the chemical potential can be represented in a similar way by the polynomial fit
, and the coefficients for the different form factors we are given in Tab. 3.
Hadronic equation of state and phase transition
At low densities, quarks will be confined in hadrons and an apropriate EoS for dense hadron matter has to be chosen. For our discussion of quark-hadron hybrid star configurations in the next Section, we use the relativistic mean field model (RMF) of asymmmetric nuclear matter including a non-linear scalar field potential and the ρ meson (nonlinear Walecka model), see [31] . The quark-hadron phase transition is obtained using the Maxell construction, see Ref. [32] for a recent discussion. The resulting EoS is shown in Fig. 2 for the three quark model formfactors under consideration.
A relatively hard quark matter EoS is obtained for the Gaussian form factor model, and therefore the critical densities and corresponding critical chemical potentials of the chiral transition are relatively small 2. The same is true for the critical densities of phase transition to the hadronic matter. For the Gaussian formfactor model the coexistence region is between 1.63 ÷ 2.38n 0 , n 0 = 0.16fm −3 being nuclear saturation density. For the NJL model, the onset of the deconfinement transition occurs at much higher densities, above 4.2n 0 . For the different form factors the limiting densities of the coexistence region are given in the Table 4 .
The EoS of hybrid stellar matter for temperature T = 0 is relevant also for calculations of compact star cooling, since the star structure is insensitive to the temperature evolution for T < 1 MeV.
Configurations of hybrid stars
In this Section we consider the problem of stability of cold (T = 0) hybrid stars with color superconducting quark matter core. The star configurations are defined from the well known Tolman-Oppenheimer-Volkoff equations [33] , written for the hydrodynamical equilibrium of a spherically distributed matter fluid in General Relativity, see also [31] ,
where the mass enclosed in a sphere with radius r is defined by
These equations are solved for a set of central energy densities, see Fig 3 . Stable configurations are those for which masses are rising functions of the central energy density ε(0).
Our calculations show that only for the Gaussian form factors one can have stable configurations with a quark core, either with or without color superconductivity. The occurence of color superconductivity in quark matter shifts the critical mass of the hybrid star for which a quark matter core can occur from 1.17 M ⊙ to 1.40 M ⊙ and the maximal value of the hybrid star mass from 1.82 M ⊙ to 1.87 M ⊙ . In Fig.4 we demonstrate that this model fulfills the observational constraints from the isolated neutron star RX J185635 − 3754 [25, 26] and from the observation of the surface redshift for EXO 0748-676 [27] .
Conclusion
We have investigated the influence of the diquark condensation on EoS of quark matter and obtained the critical densities of phase transition to hadronic matter for different form factors of quark interaction. We have shown that for our set of formfactors only the Gaussian model gives stable quark core hybrid stars regardless whether quark matter is in the 2SC phase or not.
Comparison of the quark core neutron star mass and radius relation with the mass and radius of the recently observed 'small' compact object RX J185635− 3754 shows that our model perfectly obeys those constraints.
These studies can be viewed as a preparatory step before more fundamental nonperturbative interactions can be provided, e.g. by QCD Schwinger-Dyson Equation studies [35, 34] . Table 4 Limiting densities of the coexistence region between quark and hadron matter phases for different formfactors, n 0 = 0.16 fm −3 is the nuclear saturation density. 
